This study examined the ability of six-month-old infants to recognize the perceptual similarity of syllables sharing a phonetic segment when variations were introduced in phonetic environment and talker. Infants in a "phonetic" group were visually reinforced for head tums when a change occurred from a background category of labial nasals to a comparison category of alveolar nasals. The infants were initially trained on a [ma]-[na] contrast produced by a. male talker. Novel tokens differing in vowel environment and talker were introduced over several stages of increasing complexity. In the most complex stage infants were required to make a head turn when a change occurred from [ma,mi,mu] to [na, ni,nu], with the tokens in each category produced by both male and female talkers. A "nonphonetic" control group was tested using the same pool of stimuli as the phonetic condition. The only difference was that the stimuli in the background and comparison categories were chosen in such a way that the sounds could not be organized by acoustic or phonetic characteristics. Infants in the phonetic group transferred training to novel tokens produced by different talkers and in different vowel contexts. However, infants in the nonphonetic control group had difficulty learning the phonetically unrelated tokens that were introduced as the experiment progressed. These findings suggest that infants recognize the sireils rity of nasal consonants sharing place of articulation independent of variation in talker and vowel context.
INTRODUCTION
Central to the study of any perceptual system is the search for physical properties that define or "cue" perceptual categories. A familiar puzzle confronting scientists working in this area has been called the "invariance" or "perceptual constancy" problem. In general terms, perceptual constancy refers to circumstances in which perceptual responses remain stable across variations in important stimulus dimensions. For example, an important problem in vision research is to explain how the perceived size of an object remains constant as object-observer distance, and therefore retinal size, is varied. Since perception experiments with infants can often help to define the role of learning in perceptual constaneies, developmental evidence has played a prominent role in the vision literature.
The speech perception literature provides numerous examples of perceptual constancy problems. The physical properties associated with phonetic categories often show sizeable variation with changes in phonetic environment, 
I. PERCEPTUAL CONSTANCY FOR SPEECH-SOUND CATEGORIES BY INFANTS
A recent series of experiments by Kuhl and her colleagues constitute most of the developmental evidence on perceptual constancy for speech-sound categories (Kuhl and Miller, 1982; Kuhl, 1977 Kuhl, , 1979 HolmbergetaL, 1977; Kuhl and Hillenbrand, 1979; Hillenbrand, 1983 ). An experiment by Kuhl (1979) used an operant head-turn procedure to test whether six-month-old infants could detect a change from one category of vowels to another when random variations were introduced in the talker and pitch contour of the vowels. Infants were initially trained to make a head turn for visual reinforcement when a change occurred from repetitions of a single token of [a] to repetitions of a single token of [i] . Both tokens were synthesized to simulate a male voice and both had rise-fall pitch contours. Novel tokens differing in talker and pitch contour were gradually introduced over several stages of increasing complexity. In the final stage of the experiment, the infants successfully responded to changes from the [a] pu] regardless of the differences in vowel environment. In the experiments reported here an operant headturn paradigm was used to test whether six-month-old infants recognized the similarity of nasal consonants sharing a place-of-articulation value in spite of random variation in vowel environment and talker. The nasal-consonant place contrast was of interest partly because of the bearing of this evidence on a related study examining a stop/nasal contrast {Hillenbrand, 1983) and partly because of the difficulty that has been encountered in specifying a set of context-invariant cues to this distinction.
II. PHYSICAL CORRELATES OF NASAL CONSONANT PLACE OF ARTICULATION
Acoustic correlates of nasal-consonant place of articulation can be found in the nasal murmur, produced while•% mouth is occluded, and in the spectrum change that oocurs as the arficulators move toward positions appropriate for the next segment. The spectrum of the nasal murmur is characterized by a relatively low-frequency first formant {200-300 Hz}, other diffuse resonances in the region of 1000-2000 Hz, and an antiformant that varies in frequency with place of articulation (Fujimura, 1962; Fant, 1960) . Of particular interest to this study, the spectrum of the nasal murmur shows considerable variability with changes in talker and phonetic environment. For example, Fujimura {1962) reported that; "... the spectra of nasal murmurs may vary considerably from one sample to the next depending on the individual nasal consonant and its context; the spectra also depend on the individual speaker who utters the sound,. or even his teraporary physiological state. The spectrum envelope can be altered significantly by a slight modification of the pole-zero pattern. 
III. DESIGN
The purpose of the present study was to determine whether prelinguistic infants could learn to produce a headturn response when a change occurred from a category of labial nasals to a category of alveolar nasals {or from alveolars to labials) in the presence of random variations in vowel context and talker. Infants were tested in several stages of increasing complexity using an operant head-turn paradigm similar to that used in the series of experiments by Kuhl and her associates. The procedure, which will be described in The basic idea behind the multiple-token procedure is that good performance on the more complex stages suggests that infants can ignore variation in the nontarget dimensicus---vowel environment and talker in this case--and or-. ganize the speech sounds on the basis of the target dimension, place of articulation. This, in turn, would suggest that infants recognize the similarity of labial or alveolar nasals independent of differences in vowel environment and talker. However, a more theoretically neutral explanation is possible. The basic problem is that there is nothing to prevent the infant from simply memorizing which individual tokens are reinforced and which ones are not. Mcmorization of tokens, of course, would not necessarily require any recognition of perceptual similarity by the infant. To test for the possibility that infants might simply memorize individual stimuli, a separate group of infants was run in a "nonphonetic" condition. Infants in the nonphonetic group were tested using the same procedures and the same pool of 12 stimuli that were used in the phonetic condition. The only difference was that the categories could not be organized by phonetic or acoustic characteristics. The experimental stages for the nonphonetic condition are shown in Table II 
General
The infant was held on the parent's lap facing an assistant. An experimenter, housed in an adjacent room, controlled the equipment and was able to observe the infant on a video monitor. A loudspeaker {Electro-Voice SP-12} was positioned at a 90 ø angle to the infant. In front of the speaker was an electrically operated stuffed toy bear housed in a smoked Plexiglas box. When activated, the box was illuminated and the bear tapped on a drum. The experiment was run with a tape deck {TEAC 3340-S} and a logic device• Throughout the entire experiment, tape-recorded stimuli were continuously presented at onset-to-onset intervals of 1.7 s. The assistant's task was to keep the infant's attention by manipulating silent toys. When the assistant judged the infant to be in a "ready state" (quiet and attending to the toys} he pressed a button that signaled the experimenter to initiate a 5-s observation interval. Two kinds of trials could occur during the interval: change trials and control trials. During a change trial, a silent switch initiated a change in tape-recorder channels from the repeating background category to three presentations from the comparison category. A hand-held vibrotactile device signaled the start of a 5-s observation interval to the assistant; a small light mounted on the video monitor signaled the start of the interval to the experimenter. If both the experimenter and assistant judged that a head turn occurred during the observation interval, they independently pressed buttons that activated the visual reinforcer for 3 s. And-gate circuitry ensured that the reinforcer would be activated only on change trials in which both judge• voted during the 5-s observation interval. During a control interval, the infant continued to hear stimuli from the background category. On control trials, both the experimenter and assistant made a judgment on the presence of a head turn, but reinforcement was not provided, regardless of the infant's response. For the final stage of testing in both conditions (stage 4) stimuli were presented using a special three-repetition trial structure described by Kuhl (1979}. In stage 4 each stimulus in the order was repeated three times before cycling to the next token. Since each trial consisted of the repetition of a single token, this format made it possible to assign the infant's response to a particular stimulus. On both change and control trials, the experimenter recorded the stimulus that was presented and the infant's response.
For all stages of the experiment, an infant's performance was measured by comparing the proportion of head turns on change trials to the proportion of head turns on control trials. To reduce the possibility that the parent or ass. istant might cue the infant's response, and to control for bias in the judgment of head turns, music was presented over earphones to both adults in the test room at a level sufficient to mask a change from one stimulus to another. The experimenter was able to hear the stimuli over an audiomonitor in the control room and therefore could have been biased in his judgment of head turns. Experimenter bias in this task would have been revealed by failure of the experimenter to agree with the assistant, who was unbiased. Interjudge agreement for all trials was 98•o, indicating that experimenter bias did not play a large role in the judgment of head turns. When the two judges did fail to agree, the trials were always scored as errors. As a further effort to reduce the possibility of bias, an electronic probability generator, set at 50%, was used to determine whether a given observation interval would be a change or control trial. Since previous work with the head-turn procedure suggested that long strings of change and control trials increased the probability that the infant would make errors, the experimenter was instructed to override the probability generator for a single trial after three consecutive change or control trials.
Conditioning the head-turn response
The head-turn response was conditioned by initiating a change trial and, after a few presentations of the comparison stimulus, activating the visual reinforcer. After a variable number ofthese trials most infants began to make head turns which anticipated the activation of the visual reinforcer. To be included in the experiment an infant was required to make three consecutive anticipatory head turns. Subjects were allowed a maximum 25 trials to meet the conditioning criterion. Testing on the initial-training stage was not begun until the infant met the conditioning criterion. Experience with the head-turn procedure has shown that infants who meet the conditioning criterion very quickly sometimes perform poorly on the initial-training stage. For that reason, all infants were given a minimum of 15 conditioning trials. 
C. Subjects
The subjects were normal 5 1/2-to 6 l/2-month-old infants obtained by mail solicitation to parents in the Seattle area. A parent questionnaire was used to screen out infants who: (1) had been treated for middle-ear problems, (2) had a family history of congenital hearing loss, or (3) were born more than two weeks premature or two weeks post-term. Subjects were randomly assigned to either the phonetic or nonphonetic group. A total of 23 subjects began testing. Subjects were run until eight infants completed testing in each group. To be included in the study, an infant had to pass the conditioning criterion of three consecutive anticipatory head-turn responses in the first 25 trials of testing. Five subjects failed to pass the conditioning criterion on the [ma]-[na] contrast for the phonetic condition. The nonphonetic task offered subjects a much grosser, multidimensional contrast and, consequently, only two subjects in this group failed to pass conditioning in the allotted 25 trials.
V. RESULTS

A. General
The main finding of this experiment was that infants in the phonetic group performed much better than infants in the nonphonetic group on the final stage. Results from the final stage of the phonetic and nonphonetic conditions will be discussed first, followed by a description of results from stages 1-3. 
B. Responses to Individual stimuli
Overall, these findings indicate a very strong effect for the grouping of the stimuli: it appears that infants perform well only when the stimuli can be organized along some sa- • 50.
• 
C. Summary of results from the final stage
Results from the final stage of testing showed that: (1) the overall performance of infants in the phonetic group was significantly better than that of(he nonphonetic group, (2) as a group, infants in the phonetic condition responded consistenfly to all of the stimuli in the reinforced category, with no statistically significant effects for talker or vowel context, (3) some of the individual subjects in the phonetic group seemed to show fairly strong biases toward turning less often to reinforced stimuli in the [i] context, and {4) subjects in the nonphonetic condition showed a strong preference for the training stimulus, and tended to respond at relatively low levels to the other stimuli. The next section describes the results from the conditioning phase of the experiment and from the first three preliminary stages of testing. Fig. 6 . {Results from the nonphonetic condition are shown by the curve labeled "Nonphonetic Group 1." The curve labeled "Nonphonetic Group 2"is from an additional nonphonetic control condition that is described in the next section.) It is obvious that the pattern shown by infants in the phonetic group is quite different from that of the nonphonetic group. As was found in a related study (Hillenbrand, 1983} there was no tendency for the performance of subjects in the pho- Althou. gh this study used a transfer-of-learning paradigm, it is not a simple matter to determine the extent to which training transferred from less complex to more complex stages. For example, the near-chance performance of the phonetic group on initial training suggests that these infants may actually have begun acquiring the [m]-[n] distinction in stage 2. In general, it is difficult to determine whether training actually transferred from one stage to the next, or whether infants may simply have relearned the category assignments each time a new stage was encountered.
One way to study this question is to examine the infants' responses on trials on which novel stimuli were presented for the fu'st time. Assuming that training did not transfer from one stage to the next, infants should perform at chance to the first presentations of novel stimuli. Novel tokens were introduced in stage 2 (miM,niM,muM,nuM), stage 3 (maF, naF), and stage 4 (miF,niF, muF,nuF). Including performance on both change and control trials, infants responded correctly on $1 of the 80 trials in which novel tokens were presented for the first time. This outcome is significantly above chance (z = 2.6•p < 0.01), suggesting that training did, in fact, transfer from less complex to more complex stages. However, these results clearly do not show the very high level of generalization that was seen in the first-trial data reported by Kuhl (1979) laboratory computer equipped with a high-speed disk drive and digital-to-analog converter. A computer program presented stimuli and controlled experimental contingencies according to the same rules and with the same timing parameters as were used to design the programming logic described previously. Seven 5 1/2-to 6 l/2-month-old infants began testing; three of these subjects failed to p•s the conditioning criterion.
Results from the four subjects who completed the experiment strongly suggest that the phonetic-nonphonetic difference was not the result of differences in the initialtraining contrast. Overall percent correct data on the four stages are shown in Fig. 6 by the curve labeled "Nonphonetic Group 2." On the initial training stage, infants in the new nonphonetic condition averaged 60% correct, a little better than the 55% correct for infants in the phonetic condition. For stages 2-4, however, the pattern shown by infants in the. new nonphonetic condition looks very sunilar to that shown by infants in the original nonphonetic group.
The results of the additional nonphonetic control condition strongly suggest that the phonetic-nonphonetic difference was not the result of subject-selection bias, or any other effects that may have resulted from differences in the initialtraining contrast. The relatively good performance of •ubjects in the phonetic group appears to be related to the ability of these infants to categorize phonetically similar stimuli.
VI. DISGUSSION
The very sizeable differences between the phonetic and nonphonetic groups suggest that infants, at some level, are aware of similarities between certain phonetically related speech sounds. As Fodor et al. (1975) have pointed out, this kind of interpretation is based on the assumption that infants, like adults, find it easier to learn category assignments when the stimuli within each category have a property in common. Consequently, the performance differences between the phonetic and nonphonetic groups imply that infants are sensitive to this common property. In other words, it appears as though infants, to some degree at least, recognize that the segments [m] and [n] retain their identity in different vowel environments and when the tokens are produced by different talkers.
These findings are interesting from the point of view of the infants' cognitive development since they indicate a rather sophisticated ability to focus on a critical dimension while ignoring acoustically prominent variation in other dimensions. The results are also interesting in light of the variations in acoustic correlates of nasal-consonant place of production that occur as a result of changes in talker and vowel context. Recall that place cues for nasal consonants are associated with the spectrum of the nasal murmur, which is conditioned by both talker and vowel context (FUjimura, 1962; Nord, 1976) , and the spectrnm immediately following release, which is strongly conditioned by vowel environment (Liberman et aL, 1954} . Although the infants were initially trained on a male voice, the introduction of a female talker ha stage 3 did not cause a drop in performance. Further, analysis of results from the final stage showed no indication of a preference for the male talker who was used in the condition-
